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Available online 17 December 2013AbstractClearance not only affects the startup torque, rotation precision and stiffness of bearing, but also affects the load distribution, load-carrying
capacity and life of bearing. A computational model in which the clearance of bearing is first included is presented for determining the contact
force distribution and static load-carrying capacity of a double row four-point contact ball bearing which is subjected to the combined radial,
axial and overturning moment loadings. The relation between the negative axial clearance and the contact force distribution is analyzed. The
static load-carrying capacity curves are established, and the effects of the changes in negative axial clearance, curvature radius coefficient of
raceway groove and initial contact angle on the static load-carrying capacity are analyzed. The results show that, with the increase in the absolute
value of negative clearance, the maximum contact load decreases first and then increases. The clearance values in the range of 0.2 mme0 mm
have little effect on the static load-carrying capacity of bearing. With the increase in the curvature radius coefficient of raceway groove and the
decrease in the initial contact angle, the static load capacity of bearing decreases.
Copyright  2013, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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The pitch bearing of a wind-power generator is basically a
single row four-point contact bearing or a double row four-
point contact bearing with either an internal gear or an
external gear. It is installed in a high place ranging from 40 m
to 60 m. The installation and replacement of the pitch bearing
are very inconvenient, and its cost is higher [1]. Therefore, the
pitch bearings are requested to have a service life of twenty
years and high reliability [2]. Because the impact load acting
on the pitch bearing is very large, the zero or negative clear-
ance is considered to reduce fretting wear. Negative clearance* Corresponding author. Tel.: þ86 13721663138.
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http://dx.doi.org/10.1016/j.dt.2013.12.003not only affects the startup torque, rotation precision and
stiffness of bearing, but also affects the load capacity and life
of bearing. It is of great significance to research the effect of
negative clearance on contact load distribution and load-
carrying capacity. Because the running speed of a pitch
bearing is usually small, the static load-carrying capacity,
which can be described by the static load-carrying curves, is
mainly considered in the pitch bearing design.
The single row four-point contact ball bearing was dis-
cussed in Refs. [3e14], and the research on the large-sized
double or three row four-point contact ball bearings was dis-
cussed in Refs. [15e18]. A calculation procedure for deter-
mining the load distribution in the rolling elements of a four
contact-point slewing bearing with one row of balls was dis-
cussed in Ref. [3]. The ball motion and sliding friction in the
double arched ball bearing were analyzed in Ref. [4]. The
calculation method of the static load-carrying curve for turn-
table bearings was discussed in Refs. [8,9]. A computational
model for determining the static load capacity and fatigue
lifetime of a large slewing bearing was described in Ref. [14].ction and hosting by Elsevier B.V. All rights reserved.
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was described in Refs. [16,17]. All papers above described the
static model without taking into account the clearance of
bearing, especially the negative clearance. In this paper, taking
a double row four-point contact ball bearing for example, the
geometry model, static force model and the method to estab-
lish the static load-carrying curve considering the effect of
negative clearance were presented.
2. Static model2.1. Geometry modelFig. 1 shows the coordinate system of a large size double
row four-point angular contact ball bearing, where x direction
follows the axial direction of bearing, and r is inner radial
direction. The angular position of each ball inside the bearing
is 4k ¼ 2p(k  1)/(Z/2), k ¼ 1, 2, 3.Z, where Z is the number
of the balls in the double rows of bearing.Fig. 1. Coordinate system of bearing.
Fig. 3. Initial and final positions of curvature centers.The rotating speed of the bearing is low enough to disre-
gard the effects of the gyroscopic forces and centrifugal forces
of the balls inside the bearing. So a force model of the bearing
can be established according to the static force model. The
procedure of establishing the model described in this paper
supposes that the outer ring is fixed in space, and the external
loads, which are combined with axial load Fa, radial load Fr
and overturning moment load M, are applied on the inner ring,
as shown in Fig. 2. These combined loads cause three types of
relative displacements which are relative axial displacement
da, radial displacement dr and angular displacement q between
the raceways. Fig. 2 shows four types of contact pairs. ContactFig. 2. External applied loads on bearing.pairs 1 and 3 are used to carry axial loads, the corresponding
other two contact pairs are expressed as contact pairs 2 and 4.
In Fig. 2, dm expresses the pitch diameter of bearing; dc ex-
presses the distance of the centers of the two balls between the
upper row and the lower row.
Under external applied loads, the raceway curvature centers
reach final positions, as schematically presented in Fig. 3
which shows the initial and final positions of the curvature
centers of the upper row raceways. The centers of the left-
outer, right-outer, left-inner, right-inner raceway groove cur-
vatures in the initial position are denoted by C1el, C1er, C1il and
C1ir respectively without loading. C1il
0 and C1ir0 express the
centers of the left-outer and left-inner raceway groove curva-
tures respectively with loading in the final position. The cen-
ters of the ball with and without applied load are denoted by
O1 and O1
0, respectively. The initial contact angles between
the four raceways and the balls are denoted by a0 without
applied load. The contact angles of contact pairs 1 and 2 are
denoted by a1 and a2 respectively with applied load.Before loading, the initial distance between the curvature
centers of the inner and outer raceways can be written as [18]:
A¼ ðfi þ fe  1ÞDW  1
2
ua cos a0 ð1Þ
where fi is the coefficient of inner raceway groove curvature
radius, fe is the coefficient of outer raceway groove curvature
radius, Dw is the nominal diameter of ball, and ua is the axial
clearance of bearing.
Before loading, the initial distance between diagonally
opposed centers of curvature with zero clearance is equal to
A0 ¼ ðfi þ fe  1ÞDW ð2Þ
Under external loads applied on the inner ring, the raceway
curvature centers reach final positions, as shown in Fig. 3. The
distance between diagonally opposed centers of curvature
along the direction of contact pair j is defined as Aj4k , and it
can be computed according to
Fig. 4. Forces acting on inner raceway.
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ðA sin a0 þ da þRiq cos 4kÞ2 þ ðA cos a0 þ dr cos 4k
þ0:5dcq cos 4kÞ2
1
2 ð3Þ
A24k ¼
ðA sin a0  da Riq cos 4kÞ2 þ ðA cos a0 þ dr cos 4k
þ0:5dcq cos 4kÞ2
1
2 ð4Þ
A34k ¼
ðA sin a0 þ da þRiq cos 4kÞ2 þ ðA cos a0 þ dr cos 4k
0:5dcq cos 4kÞ2
1
2 ð5Þ
A44k ¼
ðA sin a0  da Riq cos 4kÞ2 þ ðA cos a0 þ dr cos 4k
0:5dcq cos 4kÞ2
1
2 ð6Þ
where Ri is the radius of the track of raceway groove curvature
center of the inner ring, and it can be calculated by
Ri ¼ 1
2
dm þ ðfi  0:5ÞDw cos a0  1
4
uaðcos a0Þ2 ð7Þ
In angular position 4k along the direction of contact pair j
the contact deformation due to the normal contact force acting
on balls and raceways can be calculated by
dj4k ¼ Aj4k A0 ðj ¼ 1 ;2 ;3 ;4Þ ð8Þ
In the loaded condition, the contact angles in angular po-
sition 4k along the direction of contact pair j can be deter-
mined from
a14k ¼ arcsin

A sin a0 þ da þRiq cos 4k
A14k

ð9Þ
a24k ¼ arcsin

A sin a0  da Riq cos 4k
A24k

ð10Þ
a34k ¼ arcsin

A sin a0 þ da þRiq cos 4k
A34k

ð11Þ
a44k ¼ arcsin

A sin a0  da Riq cos 4k
A44k

ð12Þ
According to Hertz theory, in angular position 4k along the
direction of contact pair j, the relation between the deforma-
tion of ball and the normal contact force is given by Ref. [19]F3 ¼ 1
2
dm
X2p
4k¼0

Q14k sin a14k Q24k sin a24k þQ34k sin a34k Q44k
1
2
dc
P2p
4k¼0

Q14k cos a14k þQ24k cos a24k Q34k cos a34k Q44kQj4k ¼

Kndj4k
1:5;cdj4k  0
0;cdj4k < 0
ð13Þ
where Kn is the load deflection. For a steel ball-steel raceway
contact, Kn can be computed by
Kn ¼ 2:15 105

ndi
X
ri
	1=3
þ nde
X
re
	1=3
3=2
ð14Þ
where
P
ri and
P
re are the curvature sums for the ball-inner
and ball-outer raceway contacts, respectively, and ndi and nde
are the dimensionless quantities relating to the functions of
curvature differences for the ball-inner and ball-outer raceway
contacts, respectively. See Ref. [20] for a detailed
presentation.2.2. Inner ring equilibrium equationsFig. 4 shows the inner ring in the state of balance under the
external applied loads and internal contact forces in angular
position 4k.The inner ring equilibrium equations are as follows
F1 ¼
X2p
4k¼0

Q14k sin a14k Q24k sin a24k þQ34k sin a34k
Q44k sin a44k
	
Fa ¼ 0
ð15Þ
F2¼
X2p
4k¼0

Q14k cosa14k þQ24k cosa24k þQ34k cosa34k
þQ44k cosa44k
	
cos4kFr¼0
ð16Þsin a44k
	
cos 4kþ
cos a44k
	
cos 4k M ¼ 0
ð17Þ
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distribution. In Fig. 5, da, dr and q can be calculated by Eqs.
(15)e(17) based on the NewtoneRaphson method. The con-
tact forces between the balls and the raceways can be obtained
by substituting da, dr and q into Eq. (13).Fig. 5. Flow chart of calculating distribution of contact forces.3. Determination of static load-carrying capacity curve3.1. Allowable load of ballsThe allowable stress is defined as the contact stress applied
on a non-rotating bearing that results in a total permanent
deformation of 0.000 3 of the ball diameter DW at the center of
the most heavily loaded elementeraceway contact. If the ring
is made of steel 42CrMo, its hardness is 55HRC and its
hardened depth is larger than 0.1 of the ball diameter DW, the
allowable stress is suggested to be 3 850 MPa for point contact
and 2 700 MPa for line contact. If the ring is made of steel
50Mn, the allowable stress is suggested to be 3 400 MPa for
point contact and 2 200 MPa for line contact [10].
For point contact, the maximum contact stress at the center
of the most heavily loaded balleraceway contact is given by
the following equation
smax ¼ 1
pnanb
"
3
2
P
r
h
2
Qmax
#1=3
ð18Þ
where na and nb are the dimensionless quantities relating to the
functions of the curvature difference of the ball-raceway
contact, seeing Ref. [18] for a detailed presentation,
P
r isthe curvature sum for the ball-raceway contact, Qmax is the
maximum ball-raceway normal contact force, h is the equiv-
alent elastic modulus, E1 and E2 are the elastic moduli of the
contact pair, and n1 and n2 are the Poisson’s ratio of the contact
pair.
h¼ 1 n
2
1
E1
þ 1 n
2
2
E2
ð19Þ
From Eq. (18), the allowable contact force of the most
heavily loaded balleraceway contact can be calculated by
½Qmax ¼ 2
3

hP
r
2
ðpnanb½smaxÞ3 ð20Þ
Eq. (20) shows the allowable load of the ball-raceway
contact, which is determined by the material, geometry and
allowable contact stress of bearing. If these parameters are
known, the allowable load can be obtained.3.2. Static load-carrying capacity curveThe static load-carrying capacity refers to a combination of
the maximum allowable axial force and overturning moment.
In Eqs. (15)e(17), let radial load equal be zero, and taking
axial and overturning moments to continuously change the
values in a certain range, the bearing contact force distribution
can be computed. The maximum contact forces acting at the
center of the most heavily loaded balleraceway contact cor-
responding to different axial and overturning moment loads
can be obtained. If these maximum contact forces approach
the allowable contact force, the corresponding axial and
overturning moment loads are chosen to be the points to draw
the static load-capacity curve.
4. Results and discussion4.1. Distribution of contact forceA practical example was done on a double row four-point
ball bearing with the following geometry: dm ¼ 2 215 mm,
DW ¼ 44.45 mm, a0 ¼ 45, dc ¼ 69 mm, ri ¼ 23.34 mm,
re ¼ 23.34 mm and Z ¼ 256, where ri and re are the raceway
curvature radii of the inner ring and outer ring, respectively.
The rings and balls of this bearing are made of steel 42CrMo.
The raceways are inductively quenched, their hardness is
55e60HRC and their depth is large than 4 mm. The material
properties of the raceways and the rolling elements are taken
to be elastic for E ¼ 207 GPa and n ¼ 0.3. The allowable
contact stress is 3850 MPa. The external loads are taken to be
Fa ¼ 250 kN, Fr ¼ 140 kN and M ¼ 1 300 kN m. The inner
ring speed is taken to be ni ¼ 0.1 r/min. Because the clearance
of a pitch bearing is basically zero or negative, zero and
negative clearances are taken into account in this paper.
When the axial clearances are 0 mm, 0.01 mm,
0.02 mm, 0.03 mm, 0.05 mm and 0.06 mm, the dis-
tributions of contact forces along the bearing raceways are
shown in Fig. 6 and the numbers of balls with four-point ball-
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Contact forces at each angular position have different values
and directions. Taking the distribution of contact forces in
zero clearance for example, as shown in Fig. 6(a), when the
values of angular position are 0e99 and 260e360, the
balls come in contact with the raceways at two points, where
the direction of upper ball-raceway contact force is along the
line which links the centers of curvature of contact pair 1, and
the direction of lower ball-raceway contact force follows the
line which links the centers of curvature of contact pair 3.
When the values of angular position are 103e256, the balls
also come in contact with the raceways at two points, but the
upper ball-raceway contact force direction follows the line
which links the centers of curvature of contact pair 2, and the
lower ball-raceway contact force direction follows the line
which links the centers of curvature of contact pair 4. WhenFig. 6. Distribution of contact forces on the double row four-pothe values of angular position are 101.25 and 258.75, the
balls come in contact with the raceways at four points. When
the absolute value of the negative clearance is large, for
example, ua ¼ 0.06 mm, all balls come in contact with
raceways at four points (Fig. 6(f)). Fig. 6 shows that, with the
increase in the absolute value of the negative clearance, the
number of the balls with four-point ball-raceway contact in-
creases until all the balls are in four-point ball-raceway
contact. This is because the influence of overturning moment
load on bearing is weakened and the number of balls with
four-point ball-raceway contact increases as the absolute
value of the negative clearance increases. The axial and
radical components of angular displacement in ball-raceway
contact are different at different angular positions, which
results in different contact forces at different angular
positions.int contact ball bearing raceways for different clearances.
Fig. 8. Static load-carry capacity curves for different negative clearances.
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clearance and the maximum contact force on the most heavily
loaded balleraceway. It can be seen that the maximum contact
force of a bearing decreases first and then increases with the
decrease in the absolute value of the negative clearance. When
the negative clearance equals to 0.06 mm, the maximum
contact force reaches a minimum value. This is mainly
because the number of balls carrying loads increases with the
increase in the absolute value of negative clearance, which
results in the decreasing maximum contact force. When the
absolute value of negative clearance increases to a certain
value, all the balls carry loads. With the subsequent increase in
the absolute value of negative clearance, the number of balls
carrying loads doesn’t increase. But the deformation of each
ball increases, which leads to the increase in the maximum
contact force. The maximum contact force on the most heavily
loaded balleraceway in the upper row is larger than that in the
lower row. This is mainly because the displacement of contact
point at ball-raceway contact, which results from the over-
turning moment load, is smaller in the upper row than that in
the lower row. Thus the deformation at ball-raceway contact in
the upper row is larger than that in the lower row.Fig. 7. Maximum contact forces on the most heavily loaded balleraceway
contact versus negative axial clearances.4.2. Influence of geometry parameters of bearing on the
static load-carrying capacityFig. 9. Static load-carrying capacity curves for different coefficients of race-
way groove curvature radius.The static load-capacity curves are shown in Fig. 8 with the
axial clearances of 0 mm, 0.06 mm, 0.12 mm and
0.2 mm. It can be seen from Fig. 8 that the overturning
moment load increases first and then decreases with the in-
crease in axial load when the negative clearances are 0, 0.06
and 0.12 mm. While the overturning moment load decreases
with the increase in the axial load when the clearance is
0.2 mm. The maximum axial load which the bearing can
carry decreases, while the maximum overturning moment
which the bearing can carry increases with the increase in the
absolute value of negative clearance. The clearances in the
range from 0.2 mm to 0 mm have little influence on the
static load-carrying capacity of bearing.The coefficient of raceway groove curvature radius is one
of the important parameters in bearing design. It affects the
osculation and deformation of the ball-raceway contact, as
well as the load capacity of bearing. When the coefficients of
raceway groove curvature radius are 0.52, 0.525 and 0.53, the
static load-carrying capacity curves are shown in Fig. 9. The
overturning moment load increases first and then decreases
with the increase in axial load at different coefficients of
raceway groove curvature radius, and the trends of the static
load-capacity curves are almost consistent. When the coeffi-
cient of raceway groove curvature radius increases, the
maximum axial and overturning moment loads decrease and
the static load-carrying capacity decreases. It is mainly
because the coefficients of raceway groove curvature radius
affect the osculation of the ball-raceway contact. As the co-
efficient of raceway groove curvature radius decreases, the
osculation of the ball-raceway contact increases and the con-
tact area increases, resulting in the increase in load-carrying
capacity.Initial contact angle of bearing can also affect the load-
carrying capacity of bearing. When the initial contact angles
are 45, 50, 55 and 60, respectively, the static load-capacity
curves are shown in Fig. 10. It shows that the overturning
moment load increases first and then decreases with the in-
crease in the axial load when the initial contact angles are 45,
50 and 55. And as the initial contact angle increases, the
maximum axial and overturning loads as well as the load-
235Y.-S. WANG, Q.-Q. YUAN / Defence Technology 9 (2013) 229e236carrying capacity of bearing increase. When the initial contact
angle is 60, the overturning moment load decreases with the
increase in the axial load. The increasing amplitudes of the
static load-capacity are almost same when the initial contact
angle increases from 50 to 55 and 55 to 60. When the
initial contact angle increases from 45 to 50, the increasing
amplitude of the static load-capacity is nearly 3.6 times that
with the increase in initial contact angle from 50 to 55 and
55 to 60.Fig. 10. Static load-carrying capacity curves for different initial contact angles.4.3. Confirmation of the calculated results of contact
force distributionIn bearing calculation, in order to determine the maximum
load, the following empirical formulae are normally used for
the different load states [20].
Pure axial load:
Qmax ¼ Fa=ðZ sin aÞ;
where a is contact angle.
Pure moment load:
Qmax ¼ 4:37M=ðdmZ sin aÞ;
Pure radial load:
Qmax ¼ 4:37 Fr=ðZ sin aÞ:
In a pure radial load state, as the formula is for two contact
points, the result obtained from this formula must be divided
by 2. The results for initial contact angle of 45, clearance of
0 mm, 256 balls and diameter of 2 215 mm are listed in Table 1.Table 1
Confirmation of results.
Load state Results from
empirical
formulae
Results from numerical
method used in this paper
Fa ¼ 250 kN Qmax ¼ 1375.809N Qmax ¼ 1380.068N
Fr ¼ 130 kN Qmax/2 ¼ 1562.667N Qmax/2 ¼ 1564.19N
M ¼ 1 800 kN m Qmax ¼ 19 219.28N Qmax ¼ 20 143.3NTable 1 shows that the results obtained from normally used
empirical formulae are very similar to those obtained from the
numerical method used in this study. This indicates that the
computational model and method of contact force distributionpresented in this paper are valid. The empirical formulae can
only be used to calculate the maximum contact force at the
center of the most heavily loaded balleraceway contact under
pure load (pure axial, pure radial or pure overturning moment
loads), and they do not consider the effect of geometry pa-
rameters, such as the bearing clearance, coefficient of raceway
groove curvature radius and initial contact angle, on the con-
tact force. The calculation method presented in this study can
be used not only to calculate the maximum contact forces but
also calculate the distribution of contact forces of a bearing
under combined radial, axial and moment loadings, and it can
also be used to analyze the effect of geometry parameters on
the contact force.
5. Conclusions
A computational model of contact load distribution for a
double row four-point contact ball bearing with the negative
axial clearance was presented. Compared with the empirical
formulae, the results show that the model is reasonable. Under
the same external loads, the maximum contact force acting at
the center of the most heavily loaded balleraceway contact in
the upper row is larger than that in the lower row. With the
increase in the absolute value of negative clearance, the
maximum contact force acting at the center of the most
heavily loaded balleraceway contact decreases first and then
increases. The clearance values in the range of
0.2 mme0 mm have little effect on the static loadecarrying
capability of bearing. With the increase in the coefficient of
raceway groove curvature radius, the static loadecarrying
capability of bearing decreases. With the increase in the initial
contact angle, the static loadecarrying capability of bearing
increases.
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